The calmodulin-stimulated human plasma membrane Ca 2ϩ pump is regulated by autoinhibition. Results: The E99K mutation deregulates the pump increasing its maximal activity at saturating concentrations of Ca 2ϩ .
The transport of calcium to the extracellular space carried out by plasma membrane Ca 2؉ pumps (PMCAs) is essential for maintaining low Ca 2؉ concentrations in the cytosol of eukaryotic cells. The activity of PMCAs is controlled by autoinhibition. Autoinhibition is relieved by the binding of Ca 2؉ -calmodulin to the calmodulin-binding autoinhibitory sequence, which in the human PMCA is located in the C-terminal segment and results in a PMCA of high maximal velocity of transport and high affinity for Ca 2؉ . Autoinhibition involves the intramolecular interaction between the autoinhibitory domain and a not well defined region of the molecule near the catalytic site. Here we show that the fusion of GFP to the C terminus of the h4xb PMCA causes partial loss of autoinhibition by specifically increasing the V max . Mutation of residue Glu 99 to Lys in the cytosolic portion of the M1 transmembrane helix at the other end of the molecule brought the V max of the h4xb PMCA to near that of the calmodulin-activated enzyme without increasing the apparent affinity for Ca 2؉ . Altogether, the results suggest that the autoinhibitory interaction of the extreme C-terminal segment of the h4 PMCA is disturbed by changes of negatively charged residues of the N-terminal region. This would be consistent with a recently proposed model of an autoinhibited form of the plant ACA8 pump, although some differences are noted.
Calcium plays an essential signaling role in cell biology. Because of its electrochemical gradient, Ca 2ϩ is continuously entering the cell. The plasma membrane Ca 2ϩ pump (PMCA) 2 is one of the two known systems that can be used by animal cells to return Ca 2ϩ to the extracellular space (1) . The other system is the Na ϩ -Ca 2ϩ exchanger present in excitable cells. In humans, the PMCA is coded for by four genes, genes 1-4, and a variety of isoforms generated by alternative mRNA splicing (2) . The h4 PMCA is found virtually in all human tissues, and the splice variant xb is the most studied isoform. The PMCA is a P-type ATPase belonging to the P2B subgroup, which includes those P-type ATPases that are regulated by autoinhibition (3) . The PMCA is mainly activated by calmodulin, whose effects can be mimicked by acidic lipids (4) . In the animal PMCA, the calmodulin-binding autoinhibitory region is located at the C terminus of the molecule, whereas in the plant PMCA, it is located at the N terminus of the molecule.
Although the structure of PMCAs at the atomic level is not yet known, computer modeling and sequence comparisons indicate that the overall domain organization of PMCAs closely resembles that of other P-ATPases (5, 6) , with a transmembrane region of 10 segments (M1-M10) and three major catalytic domains (the nucleotide-binding (N), the phosphorylation (P), and the actuator (A) domains, exposed to the cytosol). Two amino acid segments, one at the C-terminal region following M10 and the other in the A-M3 linker, are characteristic of animal PMCAs and have regulatory functions. The PMCA protein can exist in two states: the autoinhibited state, in which the autoinhibitory region interacts with another part of the molecule and locks the enzyme in a state of low activity and low Ca 2ϩ affinity and the activated or deregulated state, in which binding of Ca 2ϩ -calmodulin to the regulatory region changes its interaction with the autoinhibitory receptor site with a consequent increase in the maximal velocity (V max ) for Ca 2ϩ transport and the apparent affinity for Ca 2ϩ . In the h4xb PMCA, the C-terminal regulatory domain has been subdivided into a C domain of about 28 amino acids (residues 1086 -1113), which binds calmodulin, and an I domain, which comprises the 44 residues further downstream but is less well defined (7) (Fig. 1) . The extreme C-terminal segment has been found to contain a PDZbinding domain, which allows interaction with other proteins (8) . However, studies of C-terminally truncated mutants of h4xb have indicated that the removal of the last 48 amino acids has no apparent consequences for the function of the pump (7) . Further removal of up to 92 C-terminal residues, with the consequent deletion of the I domain, produces an enzyme that still binds calmodulin and has an affinity for Ca 2ϩ , characteristic of the inhibited state, but has a somewhat higher V max (9) . Finally, in the CT120 truncated mutant lacking the C and I domains, autoinhibition is totally lost, and the pump attains a V max and a K 0.5 for Ca 2ϩ that are similar to those of the calmodulin-activated enzyme (10) .
Recent work has revealed the structure of the N-terminally located autoinhibitory domain of the plant PMCA ACA8 (11) . The structure of this PMCA indicates that the calmodulinbound autoinhibitory domain is a long helix with two calmodulin binding sites, CaMBS1 and CaMBS2, with estimated K d values for calmodulin of 13 and 500 nM, respectively. Comparison of the N-terminal amino acid sequence of ACA8 with the C-terminal sequence of the human PMCA has revealed that both calmodulin binding sites are conserved in some of the hPMCA splice variants (11) .
The site of interaction between the autoinhibitory domains and the catalytic region of PMCAs is still not well defined. Cross-linking experiments using the synthetic peptide C28W made after the sequence of the autoinhibitory domain C of h4xb PMCA have revealed that the N-terminal half of this sequence interacts with the N domain (Cys 537 -Thr 544 ), whereas the C-terminal part interacts with the A domain (Ile 206 -Val 271 ) (12, 13) . On the other hand, mutations of specific residues in the linker segments connecting the A domain with M1, M2, and M3 have been shown to generate deregulated ACA pumps, indicating that these structures are particularly important for autoinhibition (14) . Previous work from our laboratory has indicated that also the N-terminal part of the PMCA molecule is involved in autoinhibition (15) . Here we present results indicating that residue Glu 99 in the acidic cluster at the N-terminal portion of the M1 transmembrane segment and the C-terminal segment of the h4xb PMCA are critical for decreasing the V max in the autoinhibited state. tains a restriction site for nuclease MluI at its 5Ј-position that matches a unique site for nuclease MluI introduced at position 4 of the cDNA of h4xb PMCA (15) , whereas primer 2096 anneals to h4xb DNA downstream of a naturally occurring BspEI unique site. Primers E99K and E99Q have the same DNA sequence as the h4xb PMCA, except for the nucleotide base corresponding to position 296, where the original guanine (G) nucleotide was replaced by an adenine (A) or cytosine (C), respectively, to achieve a change in the coding sequence of Glu 99 for lysine or glutamine. During the first PCR, a fragment was amplified using the h4xb PMCA cDNA as template and primers His and E99K. The 330-bp His-E99K product was isolated by electrophoresis in a 1.5% agarose gel and extracted using DNA Qiaex II (Qiagen). The purified His-E99K fragment was used in the next PCR step along with primer 2096, using the cDNA coding for h4xb PMCA as template. The 2144-bp His-2096 fragment was digested with MluI and BspEI and subcloned into the corresponding position of h4xb PMCA inserted into the SalI-ApaI sites of vector pYX112 (kindly gifted by Dr. Jeffrey Harper). A similar approach was used to obtain the E99Q mutant but using primer E99Q in the first PCR instead. The introduction of the desired mutation to the h4xb PMCA cDNA was confirmed by DNA sequencing.
MATERIALS AND METHODS

Chemicals
To obtain the cDNA lacking the final DNA bases coding for the last 92 amino acids of h4xb PMCA (CT92), we used primer A (GCCCATGGCCTGTGATGGACT) and primer CT92 (TAC-TTTGGGCCCTTAGCATGCGGAACTATGGAACGCTTT-GACC) in a single-step PCR protocol. Primer A anneals upstream the naturally occurring BspEI restriction site of the h4xb PMCA cDNA sequence, whereas primer CT92 has a unique site for the restriction endonucleases SphI and ApaI. A fragment of ϳ1500 bp was amplified using these two primers. The product of this PCR (A-CT92) was isolated by electrophoresis in a 1% agarose gel, extracted using DNA QiaexII (Qiagen), and then used to replace the segment between the BspEI and ApaI sites in the original cDNA of h4xb PMCA cloned into vector pYX112. For the addition of GFP, the cDNA sequence of GFP was digested from vector pMP625 coding for the GFP-Spf1 gene (17) with the restriction endonuclease SphI. The digestion product of ϳ750 bp was isolated by electrophoresis in a 1.3% agarose gel, extracted using DNA QiaexII, and then cloned into the same digestion site (SphI) of the CT92 construction cloned into vector pYX112. The correct insertion of the GFP gene was checked by sequencing. To obtain the mutants in vector pMP625, the different constructions were digested with the restriction endonucleases SalI and ApaI. The digestion products were isolated in a 1% agarose gel and then subcloned into the polyclonal site of pMP625 between the XhoI and ApaI sites.
Yeast Strain, Transformation, and Growth Media-Saccharomyces cerevisiae strain DBY 2062 (MATa his4 -619 leu2-3,112) (18) was used for expression and purification. Yeast cells were transformed with vector pMP625 containing a Leu ϩ marker and the PMAI promoter. For transformation with the plasmid construct, a lithium acetate/polyethylene glycol method was used (19) . The cells were grown in complete medium (0.75% yeast extract, 1.13% tryptone, 2.2% dextrose), and transformants were selected for their ability to grow in the absence of leucine on plates containing 6.7% yeast-nitrogen base without amino acids (YNB), 0.67% complete supplemented medium minus Leu (Leu Ϫ ), 2.2% dextrose, and 1.5% agar.
S. cerevisiae strain K616 (MAT␣ pmr1::HIS3 pmc::TRP1 cnb1::LEU2, ura3) (20) was used to express the h4xb and the mutant PMCAs for the complementation assays. The different constructs were cloned into the yeast expression vector pYX112. The transformants were selected for their ability to grow in the absence of uracil on plates containing 6.7% YNB, 0.67% complete supplemented medium minus Ura (Ura Ϫ ), 2.2% dextrose, 0.05% MES, pH 6.0, 10 mM Cl 2 Ca, and 1.5% agar. For complementation studies, Ura ϩ colonies were grown overnight at 28°C and then transferred into fresh medium. Then 15 l of log phase culture were streaked onto plates lacking uracil and containing either 10 mM Cl 2 Ca or 10 mM EGTA, pH 6.0. The plates were allowed to grow for 72 h at 28°C.
Membrane Isolation and Purification of PMCA-The wild type h4xb and mutant PMCAs were purified as described previously (15) . Briefly, 4 liters of yeast cells expressing the h4xb or mutant proteins were grown in YNB Leu Ϫ medium at 28°C in glass flasks with agitation, and after the culture reached an approximate A 600 ϭ 1.5, 1 liter of complete medium was added.
The incubation continued for 6 h (A 600 ϭ 4.0 -5.0). Total yeast membranes were solubilized with C 12 E 10 , and the PMCA was purified by calmodulin affinity chromatography as described previously (15) . About 150 g of purified PMCA was obtained from one batch of yeast.
Ca 2ϩ -ATPase Activity-Ca 2ϩ -ATPase activity was estimated from the release of [ 32 P]P i from [␥-32 P]ATP at 37°C (21) in 0.3 ml of ATPase reaction medium containing 20 mM HEPES-K (pH 6.80 at 37°C), 100 mM KCl, 4 mM MgCl 2 , 500 M EGTA, and enough CaCl 2 and calmodulin to give the Ca 2ϩ and calmodulin concentrations indicated in each experiment. Prior to the addition to the reaction medium, 1 g of the enzyme (50 l) was gently stirred for 5 min with 5 l of a sonicated mixture of 29 mg/ml phosphatidylcholine and 57 mg/ml C 12 E 10 . C 12 E 10 was partially removed by adding 0.01 g of prewashed wet BioBeads SM-2 (Bio-Rad). The mixture was stirred at room temperature for another 25 min, and the Bio-Beads were separated by filtration. The PMCA was incubated for 3 min at 37°C with the reaction medium before the initiation of the reaction by adding 3 mM [␥-
32 P]ATP. The reaction was finished by acid denaturation after 30 min. During this period, the amount of P i released from ATP increased linearly with time. The concentration of free Ca 2ϩ in the reaction medium was calculated using the WebmaxC Standard program.
SDS-PAGE and Protein Quantitation-SDS electrophoresis was carried out as described previously (22) . Proteins were electrophoresed on a 7.5% acrylamide gel according to Laemmli (23) and revealed by Coomassie Blue staining. The protein concentration was initially estimated by the method of Bradford (24) using bovine serum albumin as a standard. For a more precise quantitation of the PMCA protein in each preparation, the samples were analyzed by SDS-PAGE using bovine serum albumin as a standard, and the intensity of the bands was compared using Gel-Pro Analyzer (MediaCybernetics Inc.) after staining the gels with Coomassie Blue.
Data Analysis-Data presented in this work are representative of at least three independent experiments containing a single measurement of the activity at each Ca 2ϩ concentration. Equations were fitted to the experimental data using the SigmaPlot 10 scientific data analysis and graphing software (Systat Software Inc.).
RESULTS
Purification of the Wild Type and Mutant h4xb PMCA Proteins-
Microsomes obtained from S. cerevisiae cells expressing the h4xb PMCA wild type and mutant proteins were solubilized with the detergent C 12 E 10 and purified by calmodulin affinity chromatography. Fig. 2 shows the analysis of the purified samples by SDS-PAGE and Coomassie Blue staining. All of the purified proteins exhibited one major band that migrated according to their expected size.
The Fusion of GFP to the C-terminal End of the h4xb PMCA Increased the V max -We have previously reported that the h4xb PMCA containing GFP at its C terminus is still autoinhibited and hence activated by Ca 2ϩ -calmodulin (15) . A more detailed comparison of the activity of wild type h4xb and h4xb-GFP as a function of Ca 2ϩ concentration is presented in Fig. 3 . It is clear that, in the absence of calmodulin, the apparent affinity for Ca 2ϩ of h4xb-GFP was similar to that of the autoinhibited wild type enzyme. However, at saturating concentrations of Ca 2ϩ , the h4xb-GFP enzyme attained a V max 10 -20% higher.
The Fusion of GFP to the CT92 Mutant Resulted in a Nearly Fully Active Enzyme-It has been shown previously that the removal of the C-terminal 92 amino acids in the CT92 mutant increases by about 20% the V max in the absence of calmodulin but does not perturb autoinhibition by the C domain, and thus the CT92 enzyme exhibits a low apparent Ca 2ϩ affinity (9). Thus, we investigated the effect of the fusion of GFP on the autoinhibition by the C domain by adding GFP at the end of the CT92 mutant. Results in Fig. 4 show that, in the absence of calmodulin, the CT92-GFP mutant exhibited a V max of about 80% and a high apparent affinity for Ca 2ϩ similar to that of the calmodulin-activated enzyme.
The E99K Mutation in the A-M1 Linker Increased the V max of the Autoinhibited Enzyme-We have reported previously that the activation of PMCA by the binding of calmodulin at the C-terminal autoinhibitory region of the molecule involves rearrangements at the other end of the molecule (15) . Because random mutagenesis of the plant PMCA ACA2 has indicated that the E167K mutation in the cytoplasmic portion of the M1 transmembrane segment is important for autoinhibition (14), we chose to investigate the effects of a similar change in the corresponding residue Glu 99 of the h4xb PMCA. In the absence of calmodulin, the E99K h4xb mutant showed an apparent affinity for Ca 2ϩ characteristic of the autoinhibited enzyme, but its V max was high and almost insensitive to calmodulin, indicating that the mutation had deregulated the h4xb enzyme by increasing its V max (Fig. 5A) . A mutant of the h4xb PMCA containing the change E99Q was also constructed, and the measurements of the Ca 2ϩ dependence of the ATPase activity showed that it had a V max and apparent affinity for Ca 2ϩ similar to that of the wild type h4xb (not shown). We further characterized the effect of the E99K mutation by introducing this change in the CT92-truncated h4xb pump. In the absence of calmodulin, the E99K-CT92 mutant had an apparent affinity for Ca 2ϩ as low as that of the wild type h4xb PMCA but with a V max higher than that of the CT92 enzyme (Fig. 5B) . As expected, the C-terminal addi- tion of GFP in the E99K-CT92-GFP mutant resulted in a fully activated and calmodulin-insensitive enzyme (not shown).
The E99K and CT92-GFP Mutants Complemented the Yeast Strain K616-K616 cells lacking the Golgi PMR1 and vacuolar PMC1 Ca
2ϩ ATPases and the regulatory subunit of calcineurin (CNB) do not proliferate when the medium contains low concentrations of Ca 2ϩ (10 mM EGTA) (14, 20) . As shown in Table  1 , neither the K616 cells transformed with the empty expression vector pYX112 nor those expressing the wild type h4xb PMCA or mutant h4xb-GFP were able to grow in EGTA-containing medium. On the other hand, the expression of the fully active h4xb PMCA mutant CT120-GFP, lacking both the C and I autoinhibitory domains and containing the GFP fused at its C-terminal end, allowed K616 cells to grow in the medium containing low Ca 2ϩ . The K616 cells expressing the CT92 mutant in which only the C-terminal autoinhibitory domain I was removed did not grow in the EGTA-containing medium. In contrast, successful complementation was obtained by expressing the fully activated/partially deregulated CT92-GFP, E99K, E99K-CT92, or E99K-CT92-GFP mutant enzymes.
DISCUSSION
A distinctive feature of type 2B Ca 2ϩ -ATPases is that they contain calmodulin-responsive autoinhibitory domains. Loss of autoinhibition by the binding of Ca 2ϩ -CaM allows a rapid 10-fold increase in their activity. In the present work, we constructed, expressed, and biochemically characterized different mutants of the h4xb PMCA with the aim to better understand the mechanism of autoinhibition. The kinetic constants of the wild type and mutant h4xb PMCA enzymes are summarized in Table 2 . We found that the fusion of GFP to the C terminus of h4xb slightly increased the V max . This increase is in the range of that obtained by the C-terminal truncation of 92 residues in the CT92 mutant, which involves the removal of subdomain I (9), indicating that the fusion of GFP to the C terminus of h4xb PMCA impairs the inhibition by domain I. Furthermore, the fusion of GFP to the C terminus of the CT92 mutant increased the V max and the apparent affinity for Ca 2ϩ . Altogether, these results indicate that the GFP moiety impairs the function of the domain that is immediately precedent, probably by sterically altering its docking with the autoinhibitory receptor site.
Previous studies have shown that the N-terminal region of the PMCA is involved in autoinhibition (15, 25) . Here we found that mutation of residue Glu 99 to Lys in the N-terminal portion of transmembrane helix M1 partially disinhibited the h4xb PMCA. In a previous random mutagenesis study of the autoinhibited plant ACA2, the E167K mutation, at the equivalent position of Glu 99 of h4xb PMCA, was recovered in a screen for deregulated enzymes (14) . In the ACA2, however, this mutation K616 cells were transformed with empty vector or vector containing the DNA encoding for the wild type h4xb PMCA or the indicated mutants. The transformed cells were plated in medium containing either 10 mM CaCl 2 or 10 mM EGTA, and the growth (ϩ) or its absence (Ϫ) was evaluated after 72 h.
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increased both the apparent affinity for Ca 2ϩ and the V max , whereas in the h4xb PMCA, we found that it specifically increased the V max without changing the apparent affinity for Ca 2ϩ . This difference may either be due to the different experimental conditions, in particular the use of membrane fractions or purified enzymes, or reflect functional differences in the autoinhibition mechanism between animal and plant PMCAs. Because the increase in the V max caused by the E99K mutation was more pronounced than that of the CT92 truncation, it would seem that the effects of the mutation are not limited to autoinhibitory domain I.
The phenotypic rescue of K616 yeast cells confirmed that h4xb mutants are still activated in vivo. This is important because it is well known that the autoinhibition of PMCA is highly dependent on the interaction with lipids and the detergent used during the purification of the protein (26) . Neither the wild type h4xb pump nor the partially activated h4xb-GFP and CT92 mutants were able to rescue K616 cells from their inability to grow in low Ca 2ϩ medium. In contrast, the expression of the E99K mutant allowed K616 cells to grow in a Ca 2ϩ -depleted medium. Because the E99K mutant enzyme had a fully deregulated V max at saturating Ca 2ϩ concentrations, it seems that the increase in Ca 2ϩ affinity is not a requisite for complementation. It should be considered, however, that in vivo the PMCA may be subjected to additional regulatory mechanisms that increase the apparent affinity for Ca 2ϩ (e.g. the proteolysis of the C-terminal segment by caspase-3) (27) .
Activation of h4xb by the E99K Mutation-The experiments reported here do not tell the precise mechanism by which the E99K mutation activates the h4xb PMCA, a knowledge that probably will have to await the determination of the x-ray structure of the autoinhibited form of the protein. However, it is interesting to consider that residue Glu 99 is remarkably well conserved in all isoforms of human, insect, and worm PMCAs. This position also corresponds to Glu in the plant ACA pumps and to Glu or Gln in non-autoinhibited P2A-ATPases like sarcoendoplasmic Ca 2ϩ -ATPase (SERCA) and Na ϩ /K ϩ -ATPase, respectively. Indeed, in SERCA, the residue corresponding to h4xb PMCA Glu 99 is Glu 55 , which, together with Glu 51 , Glu 58 , and Asp 59 , forms a cluster of acidic residues at the N terminus of M1, which was originally speculated to be part of the Ca 2ϩ binding site (28) and later to form a filter channel directing Ca 2ϩ to its binding sites (29) . The results of mutagenesis of these residues in SERCA to Leu, Arg, or Ala did not support that proposal because, with the exception of the Asp 59 mutant, which has been shown to accelerate the Ca 2ϩ dissociation, mutations of all other cluster residues have been reported to be wild type in all functional aspects (30, 31) .
The crystal structures of SERCA allow the prediction that residue Glu 99 of h4xb PMCA is in a conformationally sensitive location. Particularly interesting is the fact that, in the Ca 2 E 1 form (Protein Data Bank code 1SU4), M1 is a straight helix, whereas the x-ray of SERCA in other conformational states shows M1 bent at Leu 60 (see the structure of Ca 2 E 1 with bound ADP and AlF Ϫ , representing Ca 2 E 1 P-ADP, Protein Data Bank code 1T5T). This kink divides M1 in an N-terminal acidic segment, which adopts an orientation parallel to the membrane surface, and a C-terminal hydrophobic membrane-inserted segment. Hence, on the basis of the SERCA structure, the h4xb PMCA residue Glu 99 would be part of the acidic platform formed by the N-terminal portion of M1. In agreement with the results of the mutagenesis studies of SERCA, we found that the replacement of Glu 99 of the h4xb PMCA by Gln or Lys showed no detectable effect on the activity of the fully activated form of the enzyme. The presence of a Lys at position 99 resulted in a higher V max only when the h4xb pump was autoinhibited, indicating that Glu 99 is important for autoinhibition. It is tempting to think that, in P2B-ATPases, the acidic M1 is used for the regulation of the activity. The partial loss of autoinhibition by the E99K mutation reported here could be interpreted as a direct interaction of Glu 99 with the autoinhibitory domain. Noticeably, the E99Q mutation had no detectable consequences on the autoinhibition of the pump, indicating that the deregulation was not due to the loss of a negatively charged residue but to the presence of a new positively charged one. This result may reflect the importance of the negative charge of Glu 99 to anchor the C-terminal autoinhibitory sequences to the autoinhibitory receptor site. The occurrence of a positive charge in the E99K mutant may destabilize the interaction, as, we found, does the presence of GFP at the C terminus of h4xb PMCA. Alternatively, the E99K mutation may change the conformational flexibility of the M1 platform and indirectly change the autoinhibitory receptor site presumably formed by residues of the A and N domains.
The Calmodulin Binding Site of the C-terminal Region of h4xb-The amino acid sequence of the C-terminal region of some mammalian PMCA isoforms shows the presence of two CaMB sites homologous to those described for the ACA protein (11) . The alternative splicing of mRNA in this region of the human PMCA generates the isoforms denominated a, b, d, and k. Whereas isoforms a, d, and k show the sequence of amino acids corresponding to both CaMB sites, the variant b apparently includes only one site at the same position. This agrees with previous studies showing that the binding of only one calmodulin to h4xb PMCA suffices for full activation (32, 33) . Comparison of the sequence of the calmodulin-binding site of h4xb with that of the CaMBS1 and CaMBS2 of other isoforms shows that the h4xb calmodulin-binding site is a composite site formed by the 16 N-terminal residues of CaMBS1 and 12 C-terminal residues of CaMBS2. Previous studies have shown that peptides resembling the N-terminal half of the h4xb CaMBS bind calmodulin with 1000-fold lower affinity than the fulllength 28-amino acid peptide corresponding to the full binding site, whereas a peptide with the sequence of the C-terminal half does not bind calmodulin (34) . Thus, both portions of the CaMBS of h4xb corresponding to CaMBS1 and that corresponding to CaMBS2 would be required for calmodulin binding and autoinhibition.
The Interaction between the C-terminal Regulatory Region of the PMCA and the Catalytic Core of the Protein-In the autoinhibited state, the calmodulin-binding autoinhibitory sequences of the autoinhibited P2B-ATPases interact with the catalytic core. Recently, a structural model for ACA8 in its autoinhibited and Ca 2ϩ -CaM-activated states has been proposed (11) . According to this model, the N-terminal regulatory domain of ACA8 adopts the structure of a long helix that inserts vertically in a cleft of acidic residues between the A and N/P domains, and the main autoinhibitory high affinity CaMBS1 interacts near the top of the A and N domains, whereas the second autoinhibitory CaMBS2 interacts deeper in the core of the protein with the linkers connecting the A domain with the transmembrane segments (Fig.  6) . The results presented here and those of previous studies of the human PMCA are compatible with this model. However, in the case of h4xb, the autoinhibition by its CaMBS (domain C) at the A-N interface would decrease the V max and the apparent Ca 2ϩ affinity, whereas the interaction between the downstream C-terminal region (domain I) and the region of M1 near the membrane would provide additional autoinhibition by decreasing the V max . Moreover, the C-terminal portion of the autoinhibitory segment would be flanked by Glu 99 and Asp 170 from the transmembrane segments M1 and M2, respectively. We have previously shown that Asp 170 is a highly sensitive spot for autoinhibition and that even a conservative substitution by Asn increases the V max and the apparent affinity for Ca 2ϩ (35) . Interestingly, although the basic features of the model may be shared by all autoinhibited Ca 2ϩ -ATPases, there are probably also some differences. In fact, as already mentioned, both plant and animal PMCAs contain the CaM binding and autoinhibitory sequences at opposite ends, and thus their sequences are not symmetrical to the catalytic portion of the molecule (Fig. 6) . Previous work by our laboratory and others has shown that the relative position of the autoinhibitory domain is not essential for autoinhibition (25, 36) . However, relocating the calmodulin-binding autoinhibitory region of h4xb from the C terminus to the N terminus produces a mutant pump that has low apparent affinity for Ca 2ϩ but a V max higher than that of the autoinhibited pump, indicating that the autoinhibition function is somewhat perturbed (36) . Thus, although the model proposed for ACA autoinhibition can be applied to the PMCA, the different disposition of the autoinhibitory sequences probably indicates that other compensatory structural features are necessary.
It is known that some PMCA isoforms and splice variants differ in their degree of autoinhibition and thus exhibit a distinct basal activity and sensitivity to activators (34, (37) (38) (39) . A growing number of studies show the importance of a coordinated expression of different PMCA isoforms for normal cell function (40) . Moreover, recent work has shown that PMCA4 is involved in specialized Ca 2ϩ -handling processes (41, 42) . Our results show that the presence of the negative charge provided by Glu 99 is important for autoinhibition. Hence, affecting the charge at position 99 could be a possible strategy for therapeutic interventions seeking to increase the activity of the enzyme without changing its Ca 2ϩ dependence. The schematic models for the human PMCA isoforms h4xd and h4xb follow that proposed for ACA8 (11) . The actuator (A), phosphorylation (P), and nucleotide (N) domains are indicated. The high affinity calmodulin-binding site, CaMBS1, the lower affinity site, CaMBS2, and the high affinity composite site of h4xb, CaMBS12, are shown. Red dots, approximate locations of residues Glu 99 and Asp 170 in the cytoplasmic helical portions of M1 and M2, respectively. Note that if the same residues would interact during autoinhibition in plant and human PMCAs, the autoinhibitory helix should adopt a bottom to top disposition in ACA8 and a top to bottom disposition in human PMCA, as shown.
